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SI Units

International System of Units

This system can be divided into basic units and derived units

as given in tables (1

,2).

Table (1): Basic Units

Quantity Unit Unit Symbol
Length Meter m
Mass Kilogram kg
Time Second s
Eclectic Current Ampere
Thermodynamic Degree Kelvin °K
Temperature
Luminous Intensity Candela cd
Table (2): Derived Units
Quantity Unit Unit Symbol
Force Newton N = kg m/s’
Work, Energy Joule J=Nm
Power Watt W=J/s
Stress, Pressure Pascal Pa = N/m’
Frequency Hertz H,=1/s
Acceleration Meter/second squared | g = m/s
Area Square meter m’
Volume Cubic Meter m’
Density Kilogram/c y = kg/m’= tonne/m’
Velocity Meter/second v=m/s
Angular velocity Radian/second Rad/s
Dynamic Viscosity Newton second/meter | Ns/m’
sq.
Kinematic Viscosity Meter squared/second | M*/s
Thermal Conductivity | Watt/meter degree W/(m°k)
Kelvin
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Table (3). Conversion Tables

A summary of the quantities commonly used in naval architecture is
given in the following table together with the corresponding SI units.

Quantity Common Unit SI Unit
Length 1ft 0.3048 m
1 nautical mile 1,842 m
1 mile 1,609 m
Area 1 ft’ 0.0929 m’
Volume 11t 0.02832 m’
Velocity 1 ft/s 0.3048 m/s
1 knot 0.5144 m/s
Standard Acceleration 32.174 ft/s 9.8066 m/s
Mass 11b 0.4536 kg
1 ton 1,016 kg
1 ton 1.016 tonne
Force 1 1bF 4.4482 N
Pressure, Stress 1 1b/in’ 6.8947 KN/m’
1 t/in’ 15.444 MN/m’
Energy 1ft1b 1.3558 J
Power 1 hp 745.7TW
Density (SW) 35 ft’/ton 0.975 m’/tonne
1.025 tonne/m’ 0.01 MN/m’
Density (FW) 36 ft'/ton 1.0 m*/tonne
1.0 tonne/m’ 0.0098 MN/m’
Modulus of Elasticity 13,500 tons/in” E =20.9 GN
TPI (SW) Aw/420 tonf/in 1.025A,, tonne/m
TPM 100.62 Ay (N/cm) | 10* Aw (N/m)
MCT" (sw) AGM, tonf-ft | AGM, (MNmJ
2L in L \m
Displacement Force 1tonf 1.016 tonnef

Wetted surface

S=2.28+/AL

A = tones, L=m

Prof. Dr.

M. A. Shama

Table (4) Power conversion

Quantity Common Unit SI Unit
BHP Pg W
SHP Ps W
DHP Pp W
EHP Pg W

Table (5): Multiples and sub — multiples.

Prefix Factor Symbol
Tera 10" T
Giga 10° G
Mega 10° M
Kilo 10° k
Milli 10” m
Micro 10° n
Nano 10° n
Pico 10" p
Femto 10" f
Atto 10" a
General units
Gravity acceleration g =9.807 m/s’
Water density (salt water) vy, =1.025 t/m’
Modulus of elasticity E =20.9 MN/cm’
Atmospheric pressure =10.14 NKm?
1.0 ton displacement =9964 N
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Shipbuilding Units
{a} General:
» dimensions/ distances m
* Primary spacings m
= secondary spacings mm
= Area m?
= volume m2
kg
my's

* MASS
= velocty
= acceleration m,/ 52

(b) Hull pirder properties:

s dimensions m
* ATeda me
s section modulus m?
= inortia m?
» moment of area me
* dimensions mm
® area o2
® sechon modulus cm?
® inertia cmt

® length /etffective length m
(d) Plating dimensions:

= breadth mm

= length m

= thickness o

Prof. Dr. M. A. Shama

{e) Loads:

& PIeSSUIes
= loads

= bending moment
= shear force

{f) Miscellaneous:

= yield strength

» stress

= deflections

= modulus of elasticity
» weight

e density

= displacement

« angle

= calculated angle
= period

* frequency

= ship speed

KN/ m?

kMNm

N/ mm?

N/ mm?

N/ mm?

tonnes/ m®

knots
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Buckling of ship structure

Introduction

Buckling or structural instability is considered one of the main
modes of failure of ship structural elements.

The stability phenomenon of ship structures is defined by the
state of equilibrium of structural members.

The equilibrium of the designed structure is stable if small
imperfections and defects will cause correspondingly small
deviations from the idealized operating conditions. If small
imperfections cause disproportionately large deviations, the
equilibrium is unstable.

All idealized structure differs from the actual structure due to
small deviations, defects and imperfections. Despite the
presence of these deviations, the actual structure should
operate and perform in a manner similar to its corresponding
idealized structure. Therefore, the size of structure (geometry
and scantlings) should be selected to ensure that stable
equilibrium would occur under all kinds of perturbations.
Thus, the stability concept describes the relationship between
the perturbing causes and the resulting consequences.

The equilibrium of the system is called stable if the system
returns to the initial equilibrium state after the removal of a

small disturbing force.

Prof. Dr. M. A. Shama

Let u;, i= 1, 2, 3,...m = reasons causing a deviation from

the unperturbed equilibrium state

vj, j =1, 2, 3, ..n = resulting consequences

The unperturbed equilibrium is called stable, over a time

interval T, when:

lul <&

Where g;= selected small positive number that would give:
| Vi |< Ni

Where n;= small positive number

The most important classes of perturbations are the initial
curvature, or lateral deflection, and the eccentricity of the
compressive force.

The perturbations common in practice are not completely
deterministic but are subject to statistical variations.

In general, initial lateral deflection do = L/750

Eccentricity e = 0.1r, r core radius = Z/A

10
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Column Buckling

Boundary conditions of columns

The boundary conditions of columns could be either free,
hinged, fixed or constrained, as shown in fig.(1).

fixed constrained
hinged free 4
r—
s 3 Q

Fig. (1). Boundary support conditions

Generalized Euler Formula

y
O N
xa X LI—‘ 3 ‘Px
o 7
y y

Fig. (2). Idealized beam column

The generalized Euler formula for a column subjected to end
compressive force P, see Fig. (2), is given by:

Le

= Euler buckling stress and is given by: =—

Hence: =
Le

11
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Where: oy =Euler buckling stress

Pg = Euler buckling load
P = Compressive force on column
A = sectional area of column

A i i

—F T | T

‘ ‘\_‘[ T_ )

‘ l'l Le \'.
‘Le=L L | L |, Le

! N | !
— A
e Te te
Le=L Le=0.7L Le = 0.5L

Fig. (3). Effective length of columns

Let: r¥=1/A and ) = L

Where:

r = radius of gyration

L= L. = kL = Effective length of column

k = a factor depending on the type of end supports, see Fig.(3).

k = 1.0 for hinged supports
k = 0.5 for fixed end supports

k = 0.7 hinged-fixed supports

A =slenderness ratio of the column

12
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For elastic buckling, the limiting value of A is given by:

A= |—

Cpor

Where: o, = proportional limit of the material
For shipbuilding steel, we have:

E =21x10° kg/cm’ and o, = 2000 kg/cm’

Euler
Oy | Bleich

Johnson-Ostenfeld

c’.\"
2
Inelastic region Elastic region
Slenderness ratio A

Fig.(4). Euler buckling curve

Hence: the limiting value of A for elastic buckling of columns

is given by, see Fig.(4):

A= |— =314 /——— =105
Cpr 2000

For 6, <050, O = OF>see Fig.(4)

13
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c
For ¢, >050, Gcr=Gy|:1—yi|

E

Where: 6, =lower yield stress

G, = critical buckling stress

Example - Calculate the critical buckling stress for a column
having the following data for the two cases:

1- The column is fixed at both ends

2- The column is hinged at both ends

Given: A =136 cm’,

I=24538.2 cm* 200x20
yr=17.206 cm, yp = 12.794 _j; 300x12
L=3.0m, E =2.1x10" t/m’
= / Yo
600x10

1-The column is fixed at both ends:

Then: Ly =—=  mand n’El /L’

=% x2.1x107 x24538.2x107/1.5% x100* = 22580.77 t

=7’ x2.1x24538.2x107'/1.5* = 22580.77 tons

_22580.77
) 136

Then: 6, = |1-2* | =24 1-—=2 =239 tem®
|40 4x166.035

€

o
=166.035 t/cm *, hence: G, > 7y

14
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2-The column is hinged at both ends Rational Shapes of Column Sections in Compression
Then L, = == The radius of gyration k = /%
o, = 26452 41.51 t/cm?, hence: o, > c,/2 Let: p= L = A = ﬂ
136 VA JA A
24 Where: P = unit radius of gyration (non —dimensional)
— N _ 2
Ou = 2'4{1_ 4x 41.51} =2.365 tem Efficient sections have high ® values, as give in the following
table:
Section P Note
Least
Rectangle I h/b=2 0.204
economy
Square . 0.289
Circle ‘ 0.283
Most
Ring O 1/R=0.8-0.95 1.6-2.25
economical
Lsection | | 0.27-0.41
Angle 0.3-0.5

15 16
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Beam columns

Basic configurations and loadings

The basic configuration and loading of a beam column in the
bottom structure of a ship hull girder is shown in figs.(5,6).

_P,., Bottom Member _.P Il\_lﬁ

o I I

q, Lateral Pressure

Fig. (5).A beam column of a ship bottom structure

Fig. (6). Loading of a ship bottom structural element

17

Prof. Dr. M. A. Shama

Modes of failure of beam columns

The modes of failure of beam columns are shown in fig.(7).
The load deflection curves for a beam column under various

end loading conditions is shown in Fig.(8)

yt Beam column failure

-

Fig.(7). Modes of failure of beam columns

P o PO P g P

— pip SR

Fig.(8). Load-deflection curves of beam columns

18
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Flexural buckling of beam columns

The section configuration used in the analysis of flexural
buckling of longitudinals, stiffeners or frames should take the
attached plating of the section into account. The geometrical

characteristics of beam columns are shown in Fig.(9)

y

[ » D | _)I ! b L_
'/ I

Pl : \tf
wXt h

Y W . :
! "l

N s— ] X | X
fxtf y

Fig.(9). Different section configurations of beam columns

The Euler critical buckling stress of a simply supported beam
column of length L is given by:
n’.El
NE
Where: E = modulus of elasticity
I = least second moment of area
A = cross-sectional area of beam
A and I to take the effective breadth of plating “ b.”, into

account.
b. =s, s =Longitudinal spacing.

19
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Consider the following cases:

Case 1: Beam column under uniform loading and fixed at both

Ends

f=x
MO A el q N MO
(= ~=)
y o
by y
qL/2 | qL/2

2
M=p.y+ I Xy
2 2

2:_ [

2
Thus: EI% p.y_ﬁ.ﬂq XM
X

Let: p = /

d’y q M
Hence: +uly=—(xL —x?)+—2
ey = g ;5

. M q 2
Then: y = 4-sin ux + B-cos ux + —2———| xL — x> + —
Y Hx ux P op

At x=0 y=0

2
Then:g = 4~ # M,
P-p’
Atx=L y=0
Then: A=q_”2M° 1-cospl
P-u’ sinpL
Hence:

20
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q-p’M

yo q-p’M, [l—cospL

Py’ sinpL P-n Py 2P

At x=0 (A

2tan &—HL
M, =qL’ 2
’ 272 uL
2u°L -tanT

Thus:  ymax (at x =L/2)

- uM L 1- L L’
=% coS H_+LFIL-_1 _q_P
M 2 jcos M- 8
2
q-uM, 1 ql’?
= ‘ .
P-p cos&—l 8P

Substituting for cos& and tan& , we get:
2 2

2712
cost==1- K L +...
8
L uL p’l’
tapn P M B L
2 3
2
Hence: ~ and M = qL’/12
- °~1-P/P,
2 2 2
Then: Mmax:P'ymaﬁL— L~ 1 _ab ) el
8 1-p/p,| "¢ 12| 8

21

2 -
]-sinux+ 2°-cosux+”M° q—i(Lx—xz)
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2 2
o P Al 1 (U e
A z[1-P/p, "% 12) 8

Summary of case 1:

Example. Calculate the maximum compressive stress induced
in a bottom longitudinal of an oil tanker, given that the ship

section is subjected to a hogging moment of 300 MNm, E =210

GN/m’.
150x12
300x12
I
o— —o0
750x15 1
22
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The section modulus of the tanker at the heel = 8m®

The design draught =10 m

Longitudinal spacing = 750 mm

Transverse spacing =3 m

Longitudinal section, as shown, assume longitudinal hinged at

both ends.
(1 ton = 9.964 kn)

Solution

L=3m

A =0.75%0.015+0.15%0.012+0.3%x0.012 = 0.01665 m?2

Q
|

P=0c-A =375 x0.01665

2
P:4T[2El, IZIO—A'
¢ L

= X X +

= 0.00027

—M/Z:S(;O =375 MN/m ?

~ 0.624 MN
Yo
2
y y () '
X X

I =0.00027 —0.01665 x0.0648 > =0.0002 m*

b _ 472 x 210 x10° x 0.0002

=184.0 MN

c 32

23
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1 1

7.6875x9.964x 3

+7.6875><9.964><32

Gma)(:37.5+§ W
184

0.624x0.031-
12

Case 2: Beam column subjected to end moments

y
M y
éPT L P x
g

b—x—l
L Yy
Hence: _— == - C
X y
Let L =u 2 /
EI y
d’y M
Then: +uly=_—_"2
x> MY EI

. . M
Solution: y = A.sinpx+B-cospux - P°

24
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Atx=0 y=0 , Then: = ——

Atx=L y=0 Then: A = P

°(1-cos pL)/sin uL

Hence, the deflection equation is given by:

M, (l—cosuL

. M
—o| jsmux+—°(cosx—1)
sinpuL P

P
M,..x OCccurs at  =—

MmaXZP'Ymax—}_M = MO ’

1-

P
PE

Where: P, =’E1/L

25
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Case 3: Beam column hinged at both ends and subjected to

uniform loading

The bending moment at a distance ‘x” from the left support is

given by:
= + — —
i'f—x—>| q
v = Yo P.ﬁm_luuuuuu‘r"
= TI-p/R, (T~
qL/2 qL/2
- y
= + —
P M
o = — + max = /
max A Z
Summary of beam column formulae
Case 1: Beam hinged at both ends and subjected to a
concentrated load
w
P N l ~ P
iy B

S WL° {3(tanu—p)}: WL* .

~ 48El w? 4361
WL | 3(t WL
M max = |: ( 2 p ):| = : (p 2
4 u 4

26
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Case 2: Beam hinged at both ends and subjected to uniform

loading

q
P_ddddbesddsled P
i .

_ 5qL* {12 (ZSecp—Z—pz)}_ 5qL*

Yms T 3841 | 5 n 38481

2 2
M _ qlL {2(secu—l)}:qL

max 8 M 2 8

¢4

Case 3: Beam hinged at both ends and subjected to end

moments

Q P;;%, Q’P )

ML’ [2(secu—1)} ML’

Yimax = SFI Hz - SEI (P4

Mmax = MD[SeCl,l,]: MO(PS

The different “¢” values are given in the following table:

27

Prof. Dr. M. A. Shama
[ =)

0 1.000 1.000 | 1.000 | 1.000 | 1.000 | 1.000
0.1 1.111 1.109 | 1.091 | 1.107 | 1.114 | 1.137
0.2 1.250 1.247 | 1.205 | 1.253 | 1.258 | 1.310
0.3 1.429 1.420 | 1.350 | 1.430 | 1.441 1.533
0.4 1.667 1.657 | 1.545 | 1.663 | 1.684 | 1.831
0.5 2.000 1.982 | 1.815 | 2.000 | 2.029 | 2.252
0.6 2.500 2477 | 2.223 | 2.502 | 2.544 | 2.884
0.7 3.333 3.303 | 2.901 | 3.347 | 3.407 | 3.942
0.8 5.000 4.943 | 4253 | 5.013 | 5.124 | 6.057
0.9 10.000 9.876 | 8.308 | 10.040 | 10.290 | 12.420

28
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Buckling of ship plating

Plate configurations

The different plate configurations commonly used in ship
structure are shown in fig.(10)

b a a
t b

Fig.(10). Common ship plate configurations

axial perfect
load plate
O.CI'

imperfect plate

Deflection

Fig. (11). Load deflection curves for a perfect/imperfect plate

Buckling of ship plating

A long plate of length “a” and width “b” subjected to in-plane
compressive stresses buckles into a number of square panels if
the length “a” is an exact number of the width “b”. The axial

29
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load deflection curves for a perfect plate and an imperfect
plate is shown in Fig.(11).

The common causes of plate buckling of ship structures are:
High Compressive Stresses

High Shear Stresses

Presence of High Compressive Residual Stresses
Presence of Combined Stresses

Lack of Adequate Flexural Rigidity

Lack of Adequate Stiffening

Extensive and /or Improper Use of HTS

Excessive Material Wastage Due to General and for Local
Corrosion

O O O O O o o o

Plate deformation under compressive loadings

The shape of plate deformation depends on:
- Type of loading
- Type of end supports
- Aspect ratio of plate

No. of half waves = 4

Fig.(12).Plate deformation under end compressive stresses, all edges
simply supported

Typical plate deformations under end compressive stresses,
shear stresses and different end support conditions are shown
in Figs.(12,13,14,15,16,17)

30
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No. of half waves =5
S.S.

Fig.(13).Plate deformation under end compressive stresses, one edge

fixed and the other free

No. of half waves = 6

Fig.(14).Plate deformation under end compressive stresses, both

edges are fixed

Buckling under shear loading
Three half waves

Fig.(15).Plate deformation under shear stresses, all edges simply

supported

No. of half waves = 2

Fig.(16).Plate deformation under end compressive stresses and one

edge free and one edge fixed

31
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Fig.(17).Plate deformation under end compressive stresses and one

edge free and one edge simply supported

Plate deformation under in-plane compressive stresses could

be idealized as shown in Fig.(18)

fe p— t

Fig.(18). Typical plate deformation under in-plane compressive

stresses

Transverse BHD

Transverse Frame
Compressive

loading bending
of hull girder

Hydrostatic loading )
Local bending of

hottom shell plating

Fig.(19). Typical loadings and deformations of ship bottom plating

32
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Plate deformation under in-plane stresses and later loading is
shown in Fig.(19)

Plate deformation under in-plane loading and assuming fixed
ends is shown in Fig.(20).

Fig.(20). Plate assumed fixed at both ends

Plate deformation under in-plane loading and assuming simply
supported ends is shown in Fig.(21).

Fig.(21). Plate assumed simply supported at both ends

Critical Buckling Stress of plating

The Euler elastic buckling equation is given by:

=m[_j K

The magnitude of the factor “k” depends on:
- Aspect ratio and geometry of plate
- Boundary support conditions, see Fig.(22).

- Type of loading

33
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Assessment of buckling strength of plating under in plane

loading and different boundary support conditions

s.s S.8 s.s
|~ / |-~
free . S.S 8.8 "
S.S S.S S.S
RN, IS NNY, free
.S S.S | fixed - fixed
~
7777777 77777771 7777777

Fig.(22). Different plate boundary support conditions
The plate boundary conditions commonly assumed in the

analysis of buckling strength of plating of ship structure are:
fixed, simple support or free edge, see Fig. (22).

Case 1: Plate fixed at both long edges and subjected to in-

plane compressive stresses

The Euler buckling equation is given by:

=— | — —| +
=)+
b = length of shorter edge of plate

For a = b and substituting for v = 0.3, we get:

34
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Fig.(23) Simply supported and fixed ended plate strip

Consider a strip of width 1.0 m, see Fig.(23). The critical
buckling stress of the strip is given by:

—

Case 2: Plate simply supported at both long edges and

subjected to in-plane compressive stresses

Wi

g
p-
+—
-—

|
pt b ) P
QM

Simply supported plate

Fig. (24). Deformed shape of a simply supported plate

35
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Consider a strip of width 1.0 m, see Fig.(24). The critical
buckling stress of the strip is given by:

2
=—(—J =0.9 E(—) for a>>b
-V

Case 3: Plate has one edge free

The Euler buckling equation for a plate having one edge free
and subjected to end compressive stresses is given

ms WH

Free edge

t |
b

I

S.S.

k=0.43 + (bla)?

(T
Q

Fig.(25)Buckling of a plate with one edge free and the other simply
supported

The constant k depends on the boundary support condition of
the other edge of the plate as follows:

i- Simply supported edge, see Fig.(25)

See Fig. (24), k = 0.43 + (b/a)*

36
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ii- Fixed edge
See Fig.(26), k=1.28

No. of half waves = 2

g
= =

g
E
=
B
-ale
- -
.
“ol
-

S5.8. Fixed S

Pure Compression

One edge fixed and
one edge free

K= 1.28
TS S S

Fig.(26)Buckling of a plate with one edge free and the other fixed

Buckling of simply supported plating under various in plane

loading conditions

Case 1: Plate subjected to pure bending stresses

The Euler buckling equation for a plate subjected to in-plane

bending stresses is given by:

6, =TE (t)zk
* 0-v*)\b)

e e |

Prof. Dr. M. A. Shama

6., = Euler buckling stress under pure bending

The factor k;, depends on the a/b ratio. For typical panels of

ship structure, the constant k,= 24.0

Case 2: Plate subjected to pure shear stresses

Buckling due to in-plane shear loading causes wrinkling of the
plate at 45 degrees, see Fig.(27).

The critical buckling stress given by the Euler buckling
equation for a plate subjected to in-plane shear stress is given

by:

2 2
I =— E [t k
° 12‘1 -v’ ) b) °
Tes= Euler buckling stress under pure shear

The constant k; is given by:
k, = 4.8 + 3.6(b/a)* for simply supported edges
k, = 8.1 + 5.1(b/a)* for clamped edges

For typical ship structure plate panels, we have:

b/a=1/3-1/5
T [ a J
T \/ | T |
\ 7
T 1 \ T 1 L
T t Thb
\‘ /\\ : 4
T
T T

Fig.(27) Buckling of a simply supported plate in shear

38



Faculty of Engineering, Alexandria University, 2006

Hence (b/a)’ = 0.04 - 0.1 with a mean value = 0.07
Then for a simply supported plate, k = 5.05
And for a fixed-fixed plate. K = 8.45

The critical shear buckling stress is given by:

Ter = Tes When  1es < 0.5ty , where: 1y _ %y

V3

1% } when T > 0.57,

) T;[ 4/3 e

Ter

[ S
A A A
Pure shear

/ %

Fixed al all edges |
[==1
4 %
/!

Pure shear
bk =534 + 4{b/a)2|!

I

k=9.0+ 5.51%‘}2

I:.— T — ap—
VAV A e a >
-—
¥ |-+
1 = 2
] b k = 5.3 + 2.3(b/a) - 3.4({bfa)
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Fig.(28). K factors for different boundary conditions
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Fig.(29).Buckling factor for a plate under shear loading
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Assessment of buckling strength of plating subjected to

combined loading

The following interaction formulae are used to evaluate the
critical buckling stresses for plates subjected to a combination
of in plane compressive, bending and shear stresses.

i- Combined shear and pure compression

j a .
o |‘I:--_ o
p
4 t b T
{
T

The plate buckling equation is given by:

2
[LJ AP
T(‘S GCC

T = applied stress

T,s = Euler critical shear buckling stress

2 2
i (lj k, for 1< 0.51,

T -0 b

Ty
=T, 1- for 7. >0.51,
4t

o = applied stress

2 2
n'E (tJ -k, forc, <050,

%« T =0 )\ b
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o
=6y(1—4 - J fors  >050,
GEC

ks = buckling factor depending on the boundary conditions
The buckling curve for the combined shear and in plane
compression is shown in Fig.(30)

1.0
.9 L
0.81¢
07Tk
0.6 |.
T 0.5|..
Te ol —t .
0.3 GE b a Ec
0.2 | T
0.1[
0 . : X ) : : . ) )
0.1 0.2 0.3 0.4 0,5 0.6 0.7 0.8 0.9
o,

Fig.(30).Condition of combined shear and in plane loading

ii- Combined shear and in-plane bending

Plate buckling equation is given by, see Fig.(31):

41
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2 2
(Lj (_j <10
Tes Geb

Where: ¢ = applied bending stress

o = TE () tro <056
eb mb b eb — Y- y

:cy(l— %y j for 6, >0.50,

0.6

0.5

Te o.ul combined shear and in-plane bending
0.3 -t .
T b T
o.20. E l a T J
-——ee
o.1L S T G,
4] L 1 1 I M 1 1 i

0.1 0.2 &3 0.4 0.5 0,6 0.7 0.8 0.9

o-b/ Gbe

1.0

Fig.(31). Condition of combined shear and in plane bending
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iii- Non-uniform compression (Combined in-plane bending

and compression)

Plate buckling equation is given by see Fig.(32):

2
(¢ (¢
(J <10
Gec Geb

o, +0 6,—0
Where: 6=—1—-2, o, = 1“2
2 2

o F—*— o

Ly
e

Fig.(32).Plate subjected to in-plane compression and bending
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combined in-plane
c. 98 bending and
et compression
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03 o F—2—oA o ,
o2t H Ch
]
01r
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0102 0.3 04 06 08 0708 09 1.0
g, /O,
b b

Fig.(33) Plane bending and compression

43

Prof. Dr. M. A. Shama

iv- In plane compression in two orthogonal directions

j |
Plate buckling equation i LT ll o,
is given by: p
oy t b Ou
Zu 4 % <1 4
i

FTTTTT

v- Combined shear, in-plane

bending and compression

Plate buckling equation is given by, see Fig.(33):

2 2
(&) (&) T
—+[—bJ (_] <10
Gec Geb Tes

| a J
oy | VR T | o
L]
4 ¢ b o
{
0'2 T 02
T a |
L]
4 t b T E
{ A
T

Fig.(34).Plate subjected to in-plane compression, bending and shear

stresses
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ﬂ | Gby

Oy [T 4
o T C

-
=2 E

bx Cx T

1 C

Fig(35).combined shear, in plane and bending over all edges

Effect of the magnitude of the applied stresses

Let: o., = critical buckling stress

Then: when: 6, <c /2 e

ki’E [tT
O . =0 = —
°oF ljl—uzi b

> —
!
o
{

Where: o.= Euler buckling stress

o, = yield stress

When: ¢, >0, /2 6, = Gy|:1—:—y:|
Ge

This is Johnson-Ostenfeld formula.

Also: when: 7. < _ 1y, 7 =

SRV
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T
When: 1.2 — 1y, T =t[— }
T

Where: t. = Euler buckling stress under shear loading

Buckling of stiffened panels

The basic structural configuration of a stiffened panel is shown

in Fig.(36)

ig.(36). A typical stiffened panel

In-plane loading conditions of stiffened panels

The most common in-plane loading conditions of stiffened

panels of ship structure are shown in Fig.(36)

o
HENEEENENNE P o
| | | [
AL R T b I
t| | I | a a
I t
1 | 1 | _l l
[ttt tTtTitY |
o

Fig.(37). The two main loading conditions of stiffened panels
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Modes of failure of stiffened panels

The general modes of failure of stiffened panels are:

- Buckling of plate panel between stiffeners, see Fig.(38)

- Flexural buckling of stiffeners

- Torsional buckling of stiffeners

- Lateral buckling of stiffeners

- Flexural buckling of plate-stiffener combination (Global
buckling of stiffened panel).

The different modes of deformation of a transversely framed
panel of plating subjected to end compressive stresses are
shown in Fig. (38). The torsional rigidity of the stiffening
members affects significantly the shape of the panel
deformation. The modes of deformation under lateral loading
for symmetrical and asymmetrical sections are shown in

Fig.(39).

Fig.(38). Different modes of failure of a transversely stiffened panel

of plating

47

Prof. Dr. M. A. Shama

detormed shape
original shape

_—— e - == - = —— T == -

| EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE|
vertical Qeflection uniform loading

(a) Asymmetrical Sections.

eflected condition
/l:riginal condition
- - _/ - -r-

LTS ::-_ : BN B : :-::"_"a- -..r:,f_-_-..‘::.‘_':.-u = '.'."_.:
if'lii_f__tlllj_ltlittll HIEEEEEEEEEE
vertical deflection unitorm loading

(b) Symmetrical Sections.

Fig.(39). Flexural bending and torsional buckling under lateral

loading

Fig.(40). Plate buckling of a transversely framed panel

1- Flexural buckling of plate panel

Plate buckling of a transversely framed panel is shown in
Fig.(40). The deformation shape of the buckled plate depends
on the type of loading and the assumed end support conditions.

48



Faculty of Engineering, Alexandria University, 2006

Fig.(41). Deformation shapes for simple end supports

Fig.(41). Shows the buckled shape of a plate subjected to in-
plane stresses and for simple end supports. Fig. (42). Shows the
buckled shape of a plate subjected to in-plane stresses and for

fixed end supports.

Fig.(42). Deformation shape for fixed end supports

a- Critical buckling stress of plating of stiffened panels

subjected to in-plane end compressive stresses

1- Longitudinally stiffened panels

Let: a =longitudinal spacing

b = length of panel, see Fig.(43)
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The Euler buckling stress for a panel subjected to end in-plane
compressive stresses and fixed at both ends is given by, see

Fig.(43):

LSS Y o

Cg = 3.6E(—)

Fig.(43) Buckling of

LS e

plating of a longitudinally stiffened panel

The Euler buckling stress for a panel simply supported at both
ends is given by:

Et*

N STy e

The critical buckling stress o, is given by:
G, =0, forc, <050,
(&)
:Gy(1_4yj fors, >0.50,
GS

Where: o, = yield stress of the material

50



Faculty of Engineering, Alexandria University, 2006

2- Transversely stiffened panels

Let: b =beam spacing
a = length of plate, See Fig.(44).

g

Fig.(44) Buckling of plating of a transversely stiffened panel

The Euler buckling stress for a simply supported panel
subjected to in plane compressive stresses along the long edges
is given by, see Fig.(44):

()

1 2
For ship structure, — ~ — — — ,then ¢ = 7:)2])
t

2

The critical buckling stress for a plate of the stiffened panel is

given by: 6, =0c. for c.<o,

o
=°v( _ﬁj for o, > 0o,
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w: ( )longitudinal stiffening = 4(06) transverse stiffening

2- Buckling of stiffeners

The common buckling modes of stiffeners are:

- Flexural buckling

- Torsional buckling of the stiffeners

- Torsional buckling of the flange of the stiffener
- Lateral buckling of the web of the stiffener

- Lateral buckling of the flange of the stiffener

i- Flexural buckling of stiffeners
Stiffener induced buckling

ARR RN

. . b __l
I T T

Plate induced buckling Column buckling

o

Fig.(45). Flexural buckling of stiffeners (beam-column mode)

The flexural critical buckling stress of stiffeners subjected to
end compressive loads are obtained using the following
generalized Euler formula, see Fig.(45):

n’El
VE

or = Euler buckling stress and is given by:
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For ¢, <050, O0__ = 0g

r

c
For 6, >050, Gcrzoy{l—y}

E

Where: oy = lower yield stress

ocr = critical buckling stress

Ok = Euler buckling stress

Pg = Euler buckling load

A = sectional area of column

l = kl = Effective length of column
k = a factor depending on the type of end supports
k = 1.0 for hinged supports
k = 0.5 for fixed end supports

ii- Torsional buckling of stiffeners

The Euler stress for torsional buckling of a beam of length L

and section configurations as shown in Fig.(46) is given by:
2
C-* Er+GJ Tt
o, —p—L Where: T'=1|h+-L
e y 2
IP

G = shear modulus = E/2.6
Iy=polar m.o.i =Ix + I,

= m.o.i of cross —section about y-y axis without effective

plate flange
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Ix = m.o.i of cross-section about x-x axis without effective plate
flange

J = torsion constant of section

_(cw k)

C = constant depending on the support condition at the ends of
the stiffener.
C = 1.0 for simply supported ends

= 4.0 for fixed ends

p= a constant depending on the stiffener support conditions

along the plate
p=1.0
AERERIRRNEY el
' y
i e bp—
h I
th | tf- N.A
LA 0 R N A 5 R B A I O , x- -4 My
X t X ! ‘
TRIPPING Y y

Fig.(46). Torsional buckling mode of failure for a longitudinally

framed panel
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Torsion buckling of the flange iii- Lateral buckling of stiffeners
The torsion buckling stress of the top flange of a section is 1- Lateral buckling of the web plate of a section
given by:  _ Gl The Euler lateral buckling stress for the web plate of a section,
L assuming the web plate simply supported is given by, see Fig.
Where: I, = m.o.i of Flange about y-y axis 47):
2
J = torsion constant of section, - - kn’E (lj
e 2
T=bt)/3 12‘1 v ) b

Where: k=4.0 when L/b>>1.0

For offset flange: = .— i

il

Hence, the torsion buckling stress for an offset flange is given

by:

3 2
Gc:G. btf3/3 :G(tf)
t,-b/3 b

The torsion buckling stress for the flange of a T-stiffener is

For T-stiffener: = . /

given by:
3 2
t,-b’/12 b
y
o o _i:l:b{‘_
=" h = w t
l ! y

Fig.(48).Lateral buckling of the web of a flanged beam column
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2- Lateral buckling of the flange of a beam column

The lateral buckling stress of the flange of a beam column is

given by, see Figs.(48):
n’El,
6, =—5—
L’A

Where: I, = m.o.i of flange about y-y axis.

A = cross—section area of flange

y Y y
Fig.(49). Lateral buckling of the flange of a beam column

2
Case 1: T-Stiffener o, = n’E .(2)2
12 L
2 2
E
Case2: Offset Flange _T (b_2
3 L
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Gross panel buckling

The buckling mode of a transversely framed panel could be
either a single mode of flexural plate buckling or a multiple
mode of flexural plate buckling and torsional stiffener
buckling, see Fig.(50) or a flexural, torsional and lateral
buckling, see Fig.(51). An example of gross panel buckling is
shown in Fig.(52) for the deck structure of a general cargo

ship.

Fig.(50). Flexural and torsional buckling

Of 7/ 7 IV I 7777/

77

AT

Fig. (51) Flexural, lateral and torsional buckling (tripping) of a
stiffened panel.
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Causes of ship structural failures

The main causes of ship structural failures are, see Fig. (54):
- Design errors
- Material errors

- Fabrication residual stresses, distortions and errors,
see Fig. (55, 56, 57).
- Operational, maintenance and repair errors

Fig.(52). Gross panel buckling of the deck structure of a general

cargo ship
MAIN CAUSES OF STRUCTURAL
ERAOAS AND FAILURES
- :
Types and causes of Ship structural failures 4 3 P ¥ 3
DESIGN TERIAL FA.BH!;ATIDII OPERATIONAL | | MAINTENANCE
Types of ship structural failures ERRORS] |ERRORS | |ERRORAS ERRORS AND REPAIR
1 9 — ¥ ERRORS
Ship structural failures are nearly always nonlinear, either a — 1 ‘;L—*
geometric nonlinearity (buckling or large deflections) or a - FATIGUE | EMCESSIVE STATIC STRESSES
material nonlinearity (yielding and plastic deformation). For - m CONCENTRATION :m@m &S
steel members, the three basic types of failure and their [y  DEGRADATION OF STIPPNESS
subdivisions are as follows, see Fig.(53): OF FATIGUE CRACKS
0 Large local plasticity
0 Instability Fracture,
0 Direct (tensile rupture), fatigue, brittle. Fig.(54). Main causes of ship structural failure
j cr 1

2b

Misalignment of stiffeners

! BRITTLE
=BUCKLING FRACTURE
CEXCESSIVE DEFORMATIONS

Out of plane displacement of plates
"'Fg.(53) Types of ship structural failure Fig.(55). Misalignment and out of plane distortions
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one edge cut two edge cut central cut
Fig.(56) Residual stresses induced by flame cutting of steel plates

10
08 %

s} [

NNNNRAN

c .
o
2 /
E 02}
-+ (o I
i \
3| -02| weld weld
o
st .04l
@;
8 -06L

Or= Residual stress
Gy =Yield stress

Residual stress distribution in welded plate

Fig.(57). Residual stress distribution in a welded plate

The failure limit states includes ductile and fracture modes of
failure. The ductile mode of failure includes single mode and
multiple modes of failure. The single mode of failure includes
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elastic and inelastic buckling. The multi modes of failure
includes combined elastic buckling and inelastic buckling and
plasticity, see Fig.(58).

| Failure Limit States |

Ductile Modes

Fracture Mode

Single Mode Failure ‘ Multi Mode Failure ‘ Brittle | | Fatigue
‘ Fracture Failure
[ I \
BElza:f.lc Inelas.tlc Plastltl: Low Cycle
uckling | | Buckling Mechanism High Stress
[ |

!—‘—\

Elastic Buckling Buckling and

Combined Inelastic

Mode Plasticity

Categories of ship structural failures

Plastic
Mechanism

Fig.(58) Failure limit states of ship structures

High Cycle
Low Stress

Ship structural failures can be categorized as, see Fig.(59).

Hull girder failures

Local structural failures
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TYPES OF STRUCTURAL

l FAILURES l
| HULLGIRDER | LOCAL STRUCTURAL
ﬂ DETAILS
NON-FRACTURE FRACTURE MODE
MODE / \
\ FATIGUE BRITTLE
BUCKLING EXCESSIVE FAILURE FRACTURE
DEFORMATIONS

| PLASTIC COLLAPSE |

Fig.(59).Different categories of ship structural failures

hatch girders deck frames
long. 16% 15%

girders ] ||
Sofb //I//‘///////l/ill/l'/////mn e,

trans.

girders
25%

deck plating

339 hatch covers

6%
Fig.(60).Buckling failure of deck structural members

These types of failures could be categorized as cracks,

fractures, buckling and excessive deformations. The modes of

failure are categorized as fracture and non-fracture types, see
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Fig. (59). The frequency of buckling failure of the deck

structure of general cargo ship is shown in Fig, (60).

The structural failures of brackets in general cargo ships are

shown in Fig. (61).

( \
\J Fractures in plating/bracket toes
Fractured/detached frames

General wastage
’ Buckled br_acket
/

Fig.(61).Structural failures of brackets in general cargo ships

Buckling mode of failure of ship structure (Instabilit
Buckling or instability causes excessive lateral deflection. In a
strut or columns, lateral deflection occurs. In a plate panel,
wrinkling occurs, in a cylinder under radial pressure,
corrugation of circumference occurs, in a plate stiffener
combination, torsion tripping may occur, etc.

These modes of failure are characterized by a relatively rapid
increase in deflection for a small increase in load.

Buckling of ship plates, stiffening members and stiffened
panels represent one of the main modes of ship structural
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failures. The main causes of buckling failure of ship structural
elements are shown in Fig.(62).

* Qverload
Structural members * Underdesign
subjected to - |, . . .
compressive stresses . y:;figzlti:itzr;?;i:lson
+ Excessive deformations
* Buckling failure

Fig.(62)Causes and consequences of buckling failure

Unacceptable deformations

A structural element having sufficient strength may not
necessarily have sufficient stiffness. Large deflections may
therefore take place. Although these deflections, or
deformations, may not cause structural failure they may have
adverse effects on structural performance, particularly under
compressive and dynamic loading. Deficient structural
stiffness may cause excessive deformations and amplitudes of
vibration, see Fig. (63).

Fig.(63) Excessive deformations
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Impact of corrosion on structural strength and stiffness

¢ Reduction of local and hull girder scantlings

¢ Reduction of load carrying capacity

e In crease of hull girder and local stresses

¢ Reduction of hull girder and local flexural rigidity

¢ Reduction of buckling strength

¢ Reduction of fatigue strength, etc.

e The effect of corrosion of the deck plating on the deck
section modulus and ultimate strength of the ship is
shown in Fig.(64).

Reduction Factor

1= R De¢k Modulus |

0.9 =<nesnrinsaninss R 2 e sfggeeeananee: uamsanssnsinaas

P E— SR e A— CIimia
T |

0.6 - | | } i }
1] 5 10 15 20 25
Percentage Corrosion of Deck Plating

Fig.(64)Effect of corrosion of deck structure on ultimate bending moment
The effect of corrosion on the flexural rigidity of a panel of
plating for different plate thicknesses is shown in Fig.(65).

1 ,,,,,,,
Dx / Dxo RS

0.8 e e TS

0.6 — oo
t=15 mm | "~ “N
04 T i
Dxo = Original Flexural Rigidity T~
Dx = Flexural Ripidity
0.2 t

)] 1 2 3 wastage, mm 4
Fig.(65) Effect of plating wastage on flexural rigidity
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Rt/ Ro Exponential Model, Rt=Ro.Exp.(-at)
L el T |

06 Lo 220008 7 Tomeazoot

Ry = Deteriorated buckling strength Tt~ §

0.4 Ro = Original buckling strength of the plate ; T =
0 5 10 15 Time , Years 20

Fig.(66) Variation of plate buckling strength with time (Exponential Model)

The effect of corrosion on the flexural buckling of a plate panel
is shown in Fig.(66) for an assumed exponential model of plate
deterioration and Fig.(67) for an assumed parabolic model of
plate deterioration. Fig. (68) is based on the assumption that
the variation of plate thickness with time is given by:

t, = t,(1 — at))
Assuming an exponential model to represent the variation of
plate thickness with time, the following model could be used:

t; = t,.exp.(-bt)
Where: to =original plate thickness before start of corrosion

t. = plate thickness at time “t” after corrosion
a and b = factors dependent on the rate of corrosion

Fig. (67) is based on the assumption that the plate thickness
variation follows a parabolic model.
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The effect of corrosion on the magnitude of the section
modulus of frames and longitudinals having different
configurations are shown in Fig.(68,69).

1 s A e prro ;

0.9 1

0.8 o e
Rt = Ro(1- bit") | T~
A fromseer e oo T g

Ro = original bl.ickling strength éf plate . :

0.6 T A e — NG

Rt = deteriorated buckling strength of plate i = \,5

0.5 t f f |
0 5 10 15 Time, Years 20

Fig.(67) Variation of plate buckling strength with time (Parabolic model)

Zo = Original Section Modulus

© 2120
200 x 100 x 13 : Ilo :
0.7 4 } |

0 1.5 Material Wastage , mm 3

Fig (68) Effect of material wastage on Z/Zo and I/Io of an angle

section
L A v s
Z/2o ; 5
0.9 o T e 1
- A —-—._._‘_‘_‘_‘;
0.8 ---OBP---180-x--1-‘I-mm-.,r B v o F——
07 Lo Angle 200x 100 x 13 mm""---| | "7~~~
0.6 i i OBP 430 x 20mm ""---
0 5 10 15 Time, years 20

Fig.(69). Variation of Z/Zo of OBP and angle sections with time
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Typical examples of buckling failure of ship structure

1- Buckling of the web plating of the transverses in the top
wing tanks of a bulk carrier is shown in Fig.(70).

2- Buckling of the floor plating in the double bottom of a
general cargo ship is shown in Fig.(71).

3- A typical plate buckling of a stiffened panel, see Fig.(72)

= Wlireas of excessive
corrosion and probahle
subsequent buckling

Fig.(70). Buckling of the corroded web plates of top wing tanks

Longitudinal

Bottom BHD

transverse e

Ly
- "\LN:E:P’%L
Fd

.Ivr-:fr-f% 4 DQ.0J

LL—LBuckled web v

d Buckled areas
plating

Fig.(71). Buckling of floors and bottom transverses

Fig.(72). Plate buckling

of a stiffened panel
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Transverse BHD

Transverse Frame

Compressive
loading bending
of hull girder

!
Hydrostatic loading ’
1L ocal bending of

hottom shell plating

Fig.(73) Mode of buckling of bottom plating of oil tankers

1- Buckling of bottom plating of an oil tanker is shown in
Fig.(73).

2- Inelastic buckling of the deck and bottom structure of
an oil tanker is shown in Fig.(74).

e

B7ckling

Plastification

FIG.(74). Plastic collapse under sagging/hogging moments
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Control of ship structure failure o

Most of ship structural failures result from:
- Design errors
- Material errors

Stiffener

- Fabrication errors
- Excessive corrosion (lack of proper maintenance). .

| CLASSIFICATION SOCIETY | Fig.(76). Improving plate buckling by adding a stiffener

-
v 1 ¥
DESIGN CONSTRUCTION IN-SERVICE T T
VERIFICATION SURVEYS SURVEYS

+ v

ASSURANCE OF : * PERIODIC SURVEYS . \\ T / -
*STRUCTURAL SAFETY (RULES) - DAMAGE SURVEYS \\ T //

* COMPLIANCE WITH REGULATIONS
AND CONVENTIONS

* QUALITY CONTROL T 1
*MATERIAL QUALIFICATION T T
*MANUFACTURING PROCESSES = —_—
" WORKMANSHIP
Fig.(75). Role of Classification Societies in controlling ship T T T T
structure failures stiffener stiffener
T T

Classification societies play a major role in ensuring adequate
safety of ship hull girder and local structural details, see Fig.
(75). Ship designers should also pay much attention to the
design of ship structural details, as poor design of these
structural details is responsible for most of the local structural

Fig.(77). Control of buckling failure of plate panels under shear
loading

failures.
Control of buckling of a plate panel subjected to compressive
loading could be achieved by fitting a stiffener as shown in Fig.

(76).
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T
v Additional
STIFFENER FREE EDGE A p fstnffener
N =
Buckling l\ Faceplate
of free ~ radius
edge increased
t t . -
Buckling %
! ¥ Y v
Fig.(78). Buckling control of the free edge of brackets
Il ki T ya .
. . . S_i!ﬂe Addi]tt'qnql .
Plate buckling failure of the transverse webs of top wing tanks girder panel stiffening
of bulk carriers could be repaired by adding stiffeners, see
Figs. (79) Fig.(80). Additional panel stiffening of the ends of side girders in oil
tankers
(d FI {
- | CONTROL OF SHIP STRUCTURAL FAILURE |
~ I
B ! l MAINTENANCE
DESIGN MATERIAL I ‘ CONSTRUCTION | AND REPAIR
[ = W fireas of excessive USE PROPER PROCEDURES FOR: USE PR‘LPER
- Atiditional stiffening corrosion and probable - CONTOL OF TOLERANGES N ANTENANCE AN
subsequent buckling DIMENSIONS AND SCANTLINGS, ETC.
. . . * USE PROPER METHODS OF ANALYSIS USE PROPER PROCEDURES FOR:
Fig.(79).Buckling of the web frames of the top wing tanks and * GOOD DESIGN OF STRUCTURAL DETAILS | | * FABRICATION
* AVOID STRESS RAISERS, ETC * ASSEMBLY
correction measures * QUALITY CONTROL
* TESTING, ETC.

Fig.(81). Control of ship structural failures

73 74



Faculty of Engineering, Alexandria University, 2006

Hull girder and local stresses

The loading on ship hull girder and its structural components
induce primary, secondary, tertiary and local stresses, see
Fig.(82)

[ HULL GIRDER STRESSES

l l .
| PRIMARY STRESSES | | SECONDARY STRESSES | | TERTIARY STRESSES |
|

DECKS, SIDES, LONGITUDINALS

LONGITUDINAL BULKHEADS AND PLATING

BOTTOM PLATING AND GIRDERS |

* T *

_ l .
= MIDSHIP SECTION MODULUS DECK/ BOTTOM PLATING THICKNESS
=MIDSHIF SECTION SECOND SECTION MODULUS OF DECKEOTTOM
—MOMENT OF AREA LONGITUDINALS

=POSITION OF N, A.
—AREA OF DECK AND
BOTTOM STRUCTURES

Fig.(82). Hull girder stresses

ﬂ.i—'_ll|ﬁ;—

L
4 Shear force
3
o
5 @ % 2
a x

Bending moment

Fig.(83) Hull girder shear force and bending moment
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Hull girder loading

A ship hull girder among waves is subjected to:

- Vertical shear force and bending moment, see Fig.(83).
- Horizontal shear force and bending moment

- Torsional moment

- Local loading

M My
e B

F
%,, 9 |

%p
— {0 } -
2T (Mol gy iibidbpadp iy M
é *ﬂkjrrz Ir\q 1 L.—i-"'{rlz

s e i
%p e

CI e b

Fig.(84). Hull girder vertical shear force and bending moment

%

The primary and secondary stresses acting on a ship section
and the double bottom structure respectively are shown in Fig.

(84).

Hull girder vertical shear force and bending moment

A hull girder in a seaway is subjected to a vertical shear force
F, and bending moment M, given by, see Fig.(83):

M, =M+ M,

F,=F;+Fy
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Where: F, and M= Stillwater shear force and bending
moment

F,,and M,,= Wave shear force and bending moment

Hull girder stresses induced by vertical shear forces and

bending moments

The hull girder bending stresses induced by a vertical bending

moment in a sagging condition is shown in Fig.(85).

M M

=

i)
TG

i
! :
T %

(IR

o

Fig.(85). Hull girder stresses due to vertical bending moment

The hull girder stress at the bottom and deck plating are given
by:

Where: M = Total hull girder bending moment
I = Second moment of area of ship section
ys = Distance of bottom plating from ship section
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neutral axis
yp = Distance of deck plating from ship section
neutral axis

Hull girder horizontal bending moment

The hull girder of a ship subjected to a horizontal bending
moment My will induce normal stresses as shown in Fig.(86).
The horizontal bending moments induce tensile stresses in
either the port side shell and compressive stresses in the
starboard side shell or vice versa.

Ll
"”/

A
D_~ %
B

C

%

Fg.(86). Hull girder stresses induced by horizontal bending moment
The hull girder stresses induced in the side shell plating is

given by:

Where:
MH = horizontal bending moment
B = ship breadth

I, = second moment of area of ship section about the y-axis
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Shear stress distribution

The hull girder shear force and bending moment distributions

along the length of a bulk carrier is shown in Fig.(87).

Fig. (87). Hull girder shear force and bending moment

The shear stress distribution over a bulk carrier and tanker
ship sections are shown in Fig,(88).

The shear stress is given by: ¢ = a

Where: q = shear flow
The shear flow could be calculated using the general formula

given by:

Fo -
quzay

Hence, the shear stress is given by: 1 = F'zliay

Where: F = vertical shear force

I = Second moment of area of ship section

t = thickness of plating

zay = Moment of area about ship neutral axis
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Fig.(88).Shear stress distribution for a bulk carrier and oil tanker
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Buckling of ship structure

The various stress components acting on the bottom plating of

Buckling of the bottom structure a ship is show in Fig.(90)

Buckling of bottom plating

The general loading of bottom plating is as shown in Fig.(89).

p )

oy TTIIITIIIL
Ux%” t r Oy

M e,
Oy |le— a — Oy

— | ] wile——
tirertttffrqg

Fig.(89). General loading conditions of ship bottom plating

e— T = lle—

The bottom structure of a ship is subjected to in-plane

compressive stresses when the hull girder is subjected to a
Detail A . .
T T peas hogging moment, see Fig.(91).
I A— L. Detail C S 7
S T4 @;—- gﬁ,‘- b ZE’ ; o transverse frame
AT o B o3¢ ) B stiffener
0'1 A 2 3 4
PRIMARY HULL o]
SECONDARY
LOADS STRESSESIN TERTIARY STRESSES IN
PRIMARY ACTIONS SUBSTRUCTURES STRUCTURAL DETATLS
* MOMENTS M I I
* SHEARS F
*TORQUES T
* MOTIONS
* PRESSURES l_b_l
* TEMPERATURES

7777 7777777 7,

Fig.(90).Hull girder primary and secondary stresses

Fig.(92) Hull girder stress in bottom plating
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The primary hull girder stress 6, is given by: ¢, = M-y,

Where: M = hull girder bending moment
ys = distance of bottom plating from the neutral
axis of the ship section

Buckling of bottom longitudinals
The various stress components affecting a bottom longitudinal

are, see Fig. (93):

94

1 <+ 3
Fig.(93). Stress components affecting bottom longitudinals

o; = Hull girder primary stress
o, = Secondary stress
o; = Tertiary stress

%

TR O gL T T M
N N\e=azazess)

tt
Op 0'2P TTTTTI T T iR e gites

Fig.(94). Hull girder and secondary stresses induced in a double

bottom structure
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[ beam
column

{ N\
IR

Fig.(95). Secondary loading on a bottom structure

The structural configuration and loading of bottom

longitudinals are shown in Fig.(95, 96, 97).

Fig.(96). Local loading on bottom longitudinals

A bottom longitudinal

____________ | _I NA

1 R
m(3 E m
3 0 e 0 0 0 _

ml\ /]m 12

Fig.(97). Secondary stresses in a bottom longitudinal
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dFrt__ [ neutralaxis )% lZ
0

v, ™™
Y q Op

Fig. (98). Tertiary stress in a bottom longitudinal

The tertiary stress o5 at the attached plating of the longitudinal

is given by:

The tertiary stress at the flange of the longitudinal is given by:

The tertiary stress component due to local loading of bottom

longitudinals is shown in Fig.(98).

Buckling of bottom plating

It is assumed that the plate panels are simply supported.

The Euler buckling stress is

given by:

k- E mz
o = t
11—\ b

Where: o, = Euler buckling stress
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v = Poisson’s ratio, v=10.3
E = Modulus of elasticity, ( = x )
K = Constant depending on a/b ratio
When |/ >> ,y =
t = plate thickness
b= length of short side of plate

Elastic buckling occurs when: <
Where: o =yield stress of the plate material
Inelastic buckling occurs when: 6, > 0.5 6,

In this case, the critical buckling stress is given by:

oY
% =",

Total stress affecting bottom plating

The various stress components affecting the bottom plating of

a ship is shown in fig. (99)

Fig. (99). Various stress components affecting bottom plating
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Fig.(100).Hull girder stresses induced by vertical hogging moments

The total in-plane stress is given by: 6 =0, +0,,

Where: o5 = hull girder stress

O ,ca = l0cal stress

Fig. (101). Hull girder stresses induced by horizontal bending
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+y, Abottom longitudinal O
dl —fe t neutral axis _Iyp |E
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Fig. (102).Secondary stresses induced by bending of bottom
longitudinals

Bottom plating Gpl

m_ | 1 A

g_l_____t_____-g__ -
| l <A
OP[

Fig.(103).Tertiary stressing bottom plating

Tertiary stresses induced by local loading

The local stresses due to plate bending is given by, see Fig

(103)

pl — 3 2

Where: m = qL?/12
t = plate thickness
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Buckling of deck structure of a ship

A deck structure of a general cargo ship could be either
transversely or longitudinally framed). The deck structure is
subjected to in-plane tensile or compressive stresses, shear
stresses and bending stresses. The in-plane normal and shear
stresses are induced by the hull girder bending moments. A
ty[ical arrangement of a transversely framed deck structure is
shown in Fig.(104).

—~ibp—
_'{ b |"_ _1' 1 Frrrrr 1T 1m 171 LI
— I a 11 : I T T O [ | 1 —T
— [ I I N Y Y T | L1
- 1 1B
] a T |1 LO | !
= l Bo —H——————————H—-—
; o _L I : [
L L L B O LA : :
deckbeamalll|||:lllllll
L I I PR T B N | L1
[ Tk L N
+v A deck girder i
¥ Y,
d t__f)___n_eﬁtr_al_ axis | :I_yfp
'

Fig.(104). Transversely framed deck structure
(PJTIITIIIl o o

by 1 ] 1 | T b Tg
€y |2 a
B el (]|

Lttt llit] o

Fig.(105). General loading of the deck structure of a ship
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General loading of deck structure

The main load components affecting a deck structure of a ship
are:
- Stresses induced by hull girder bending
- Secondary loading on stiffened panel of the deck
structure
- Local loading on deck longitudinals between deck
transverses

- Local loading on deck plating

The local loading of the deck structure of a ship is shown in
Fig.(106).

Fig.(106). Local loading of the deck structure

Buckling of deck structure of a ship should cover:
1. Buckling of deck longitudinals
2. Buckling of deck plating
3. Buckling of deck girders o \b\jj b
Fig. (107). Local loading on a deck l

longitudinal
Deck

Longitudinal
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Deck stresses induced by hull girder bending

When the hull girder of a ship is subjected to a sagging
bending moment, see fig.(108), the deck structure will be

subjected to compressive stresses.

7WT 707777,
m yD I\Eeutral j\xis

Fig. (108). Hull girder bending stresses in a sagging condition

The primary hull girder stress at the deck of a ship section is
M-
given by, see fig. (109): o, = % ,
Where: M = hull girder bending moment
I = the second moment of area of ship section

about the neutral axis of the ship section

by

@\

A deck plate panel

]
By

Fig.(109).Deck stresses induced by horizontal bending moments
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Buckling of deck longitudinals

g
1 R

4 I
M= 12 I S ]
M ﬁ\ /E M
| — [
+Y, A deck longitudinal i Op

j_i N e Y 7
d 0 neutral axis l

.y\

Fig. (110). Local bending stress of a deck longitudinal

A deck longitudinal is subjected to the primary, secondary and

tertiary stresses.
The local bending stress in a deck longitudinal induced by the

local deck loading is given by, see Fig. (110):

m-y,
G locp ;
Where:

m = bending moment affecting the local structural element

i = second moment of area of the section of member

yr = distance of the flange of section from the neutral axis of
the section

The various stress components affecting a deck longitudinal is

shown in fig.(111).
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- -
fxts G4 4+ % + G = %

Fig.(111).Various stress components of a deck longitudinal

Buckling of deck girders

+y A deck girder i
T —_—— — _ _—_— _ _———1.%
d 0 neutral axis
J_:E I
Y
PXtp
¥
wxt
y, (b
—L . — .- ]
fxte 6 4 0O = O

Fig. (112).Primary and secondary stresses in a deck girder
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o
/ =)

Hull girder stresses

Secondary stresses

Fig. (113). Hull girder and secondary stresses in deck longitudinals

The flange and web plate of the deck girder are subjected to
uniform compressive stresses induced by hull girder sagging
bending moments and linear stress distribution induced by
secondary and local loading, see Fig.(113).

Therefore, the web and flange panels of plating of deck girders
are subjected to a combined system of stresses. The buckling
strength of these panels could be evaluated using the following

equation:
2 2
(j [] <10
Gcc Gcb Tes
e a -
Qﬂ p
E 4 t b T
T

Where 6. = Euler buckling stress

The Euler buckling stress, in this case is given by:
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i g

Buckling of deck plating

Buckling of fixed and simply supported transversely ramed

deck plate is shown in Fig. (114).

Fig.(114). The buckled shape of a deck plate assuming fixed and
simply supported ends

4-Y Adeck longitudinal

Tﬂ F T ewwams " _I'sr, JE
) Y T O¢
deck plating p
m -
- t - - —
¥ -

Fig.(115).Stresses induced in deck plating by local bending of deck

longitudinals
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Fig.(116). Various stress components affecting deck plating

The various stress components affecting the deck plating of a
ship is shown in fig. (116). The tertiary stress in the deck
plating is given by, see Fig. (115):

Where: m = local bending moment on bottom longitudinal
m = qL*/12
q = transverse loading on deck longitudinal
L = span pf longitudinal
i =second moment of area of section of the deck
longitudinal
yp = distance of deck plating from neutral axis of the
longitudinal section
Plate buckling occurs when:

2 2
-When: 6, <o /2 then: 5 - kn'E (tj

ST (e |

-When: 6, >06,/2 then: 5_=o¢ {I_GY}
“ Y 40

€

o.. = critical buckling stress
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Buckling of side shell structure

The hull girder bending stress over the side shell structure of a

general cargo ship is shown in Fig.(117).
The primary hull girder stresses over a panel of plating

M.IY1 and o, = %

“abed”, see fig.(94), is given by: ¢, =

1
|
y O

Fig. (118). Side shell stresses due to horizontal bending moments
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X
|
|

Fig. (119). Shear stress distribution over ship sections of a general

cargo ship and a bulk carrier

The shear and bending stresses induced in a side shell plate at
the ship section neutral axis is shown in Fig.(120) and for a
panel above the ship neutral axis is shown in Fig.(121) and for
a panel below the neutral axis is shown in Fig.(121).

%

H

Total stresses in the side shell plating

T——>

side shell plate at —
ship neutral axis T’l: —
o

- T -

T

Fig.(120).Shear and bending stresses in a side shell plate at the ship
section neutral axis
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—

side shell plate
— above ship neutral axis |

7L
A L 1
o, T - T [

Fig.(121).Shear and bending stresses in a side shell plate below ship
section neutral axis

e

Side Shell Plate g %
| 3
_—_j
T

below ship neutral axis

r__‘i,._.—-f'ﬂl:"""'-'l

P e —

Fig.(122).Shear and bending stresses in a side shell plate above ship
section neutral axis

A plate panel of the side shell is therefore subjected to a
combined system of stresses as shown in fig.(123), as the side
shell is also subjected to shear stresses.

The equation governing critical buckling is given by:

2 2
9 9 T
— ||+ <1.0
Gec Geb TeS

6,40 _
Where: c=——2 and , - %1~%
2 2
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a P
L]
< t b ||t
- \b —
g, )

o % % o
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Fig. (123).. Plate panel subjected to in-plane, bending and shear
stresses

Ultimate strength of ship plating

For a ship structural element, the variation of the bending
moment with lateral deflection is as shown in Fig.(124). The
collapse behavior of a steel plate under compressive stresses is
shown in Fig.(125).

1M
Mgl

Fig.(124). Bending moment deflection curve
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B Elastic Bifurcation
® [lltimate Strength

Axial Compressive Stress
'
L 9
¢
r
r
i
i

¢ e Perfect Thin Plate
’ —— Perfect Thick Plate
- ——- Imperfect Plate

L.
-

Axial Compressive Strain

Fig.(125). Collapse behavior of a steel plate under compressive
stresses

The collapse of a ship hull girder under a sagging bending
moment exceeding the ultimate carrying capacity of the ship
section is shown in Fig.(126).

Buckling

I~

=

Plastification
Fig.(126). Collapse of a ship hull girder
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Effective width of plating
Because of the shear lag effect, the normal stresses on the plate
of a stiffened panel will not be uniform, see Fig.(127).

Fig.(127).Shear lag effect in plating of a longitudinally framed
bottom structure
The stress distribution over the edge of the plate panel before

and after buckling occurs is shown in Fig.(128).

__________ —_——
i I [ ! I
! : b {Jxmin ' : b
i : ) : 1;e :
[ =2
| omylior | | o=l |
]

Guav () Before buckling x Orav ({b) After buckling

Q

ax
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Fig.(128). Variation of the shape of stress distribution

Assume a simply supported rectangular plate loaded with a
uniformly distributed load along the short edge of the plate.
When the applied load exceeds the critical buckling load, the
additional load will be concentrated towards the edges of the
plate and the stresses will increase in those regions, see
Fig.(128). In Fig.(128) we have:

o, = critical buckling stress of plate loaded along the short
edges.

Omax = Maximum stress along the side-edges

Omean = Mean stress in plating
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Fig.(129). The effective breadth of stiffeners

The effective width of plating is defined as the width of plating
which, when taking the full load, has a uniformly distributed
stress equal to 6,,,,. This effective width is represented by a
width C from each side edge, see Fig.(129).

Hence the effective width b, = 2C.

Then the middle portion of the plate can be disregarded and
the two strips can be handled as a long simply supported
rectangular plate of width 2C.

The critical stress for such a plate is given by:

ol

Assuming that the ultimate load is reached when o, becomes
equal to the yield stress ¢, of the material we obtain:

Hence, the ultimate load is given by:
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P,=2Cte,= —___ [Eo
J(-0)" 7
Where: v=0.3, hence: P, = 1.9t Ecy

An approximate expression for ”C” is given by:

C=1.91-0.55 |E . tb)

Oy

Hence: P, =’ \/[Ec, x1.9(1 - 0.55. /E/oy .(t/b))
=1.9 *E(,[E/c, - 0.55(t/b))
The ultimate stress is given by:

6,= —=19.E—(/E/c, - 0.55(t/b))

The post-buckling reserve of strength varies with the

geometry of the plate, the type of loading and the boundary

support conditions.

When 6. 2 6, or when b/a < 1/4 or when one edge is free, there
is virtually no reserve of strength, b = length of short edge of

plate.

When: b/a> 2.0, there is large post-buckling reserve of

strength.

Ultimate stress of simply supported panels
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Case 1- Long edges loaded

The ultimate load is given by:
P, =1.77x . [Ec, (a/b)"*

The ultimate stress is given by:

6.= — =177 /Ecsy (a/b)** . ——

=1.77,/Ec, . " .tbx

The ultimate strength is given by:
6, 177a

o, B

When o <3.3

2 2
n’E (1j When o > 3.3

R e |

Where: =— =Aspect ratio of the plate

The critical buckling stress of the column is then taken as the

ultimate stress of plating.
T

“T AL ( v?)

Where: I =t/12, A= 1xt

Hence © =n—[lj2
“12( )b

(o)
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The critical buckling stress of a simply supported panel with
long edges in compression is given by:

=it s) (%))

When a >>b  [b/a]*— 0

4 t)*
Hence o = —(—) =0y

Case 2: Short edges loaded

The ultimate strength is given by: ¢ L E
o _19 08 =
c, B B2 oL a— 0O

Where: o, = ultimate failure stress
oy = yield stress
P = slenderness parameter

The slenderness parameter f is given by:

e

a = long dimension of plate

b = short dimension of plate

Alternatively, the effective width could be obtained from the
following equation, see Fig.(130):
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The ultimate sirength for uniaxial compression in short edge
was developed by Faulkner , which is written by:
I = GCy and
1.0 for g<1
CG=q2_1 Jfor £g=z1

Effective width ratio
T

be/b

Fig.(118) Effective width of plating
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